Aims/hypothesis We aimed to examine whether sex differences in fasting plasma glucose (FPG), 2 h post-OGTT plasma glucose (2hPG) and HbA 1c could be explained by differences in body size and/or body composition between men and women in a general non-diabetic Danish population. Moreover, we aimed to study to what degree the newly suggested high-risk HbA 1c criteria overlapped with the current OGTT-based criteria of glucose intolerance. Methods We used cross-sectional data from 6,006 nondiabetic men and women. HbA 1c and FPG levels were measured and a 75 g OGTT was performed in all individuals. Height, weight and waist and hip circumferences were measured and BMI was calculated. Data were analysed in age-adjusted linear regression models. Results Men had higher FPG and HbA 1c levels than women, and women had higher 2hPG levels than men. Sex differences in 2hPG levels were explained by differences in height and FPG levels, but sex differences in FPG or HbA 1c levels were not explained by anthropometric measures. Among individuals with HbA 1c in the high-risk range (6.0-6.5%), 73% had normal glucose tolerance. Conclusions/interpretation Sex differences in 2hPG levels after an OGTT may to some extent be a consequence of giving the same amount of glucose to individuals with different body size. In contrast, sex differences in FPG and HbA 1c levels are likely to have a true physiological basis. In clinical practice, the HbA 1c assay may be more convenient than the OGTT, but it is important to note that different populations are identified by the two methods.
Introduction
The prevalence of isolated impaired glucose tolerance (i-IGT) is higher in women than in men, whereas the prevalence of isolated impaired fasting glycaemia (i-IFG) is higher in men than in women [1] [2] [3] [4] . While it is unknown why men have a higher prevalence of i-IFG, some studies have recently suggested that the higher prevalence of i-IGT in women may be related to differences in body size between men and women [1, 5, 6] . Men and women are given the same amount of glucose during a standard 75 g OGTT, and as women are generally shorter and have smaller body size and a smaller absolute amount of fat-free mass than men they may be less able to metabolise the fixed amount of glucose. This notion is supported by the observation of a higher risk of developing type 2 diabetes in men than in women with i-IGT [7] , indicating that women with i-IGT may be healthier than their male counterparts. Moreover, women are more commonly diagnosed with diabetes on the basis of 2 h post-OGTT plasma glucose (2hPG) levels compared with fasting plasma glucose (FPG) levels [8] , and the risk of gestational diabetes is higher in shorter compared with taller women [9] .
Recently, the International Expert Committee has suggested the use of the HbA 1c assay for the diagnosis of diabetes [10] . Furthermore, the committee suggests that the use of the OGTT-based prediabetic groups i-IFG, i-IGT and combined impaired fasting glycaemia and impaired glucose tolerance (IFG+IGT) should be phased out for the purpose of risk prediction and prevention in clinical practice. Instead, interventions aimed at preventing the development of diabetes should be focused on individuals with HbA 1c levels between 6.0% and 6.5%, as these are at highest risk of developing diabetes [10] . However, the OGTT and other challenge tests will continue to be important in terms of understanding the pathophysiology of individuals at risk of progressing to type 2 diabetes. Moreover, information on the relationship between HbA 1c and fasting and post-OGTT glucose levels is necessary if existing evidence from physiological as well as intervention studies in individuals with i-IGT and IFG+IGT are to be applied in high-risk individuals characterised by the newly suggested HbA 1c criteria. Therefore, we aimed to examine relationships between sex, anthropometry and glucose levels (FPG, 2hPG and HbA 1c ) in a general non-diabetic Danish population. Specific aims were to examine (1) how FPG, 2hPG and HbA 1c are related to anthropometry and to each other in men and women; (2) whether differences in anthropometry between men and women can explain sex differences in FPG, 2hPG and HbA 1c levels; and (3) to what degree the newly suggested 'high-risk' HbA 1c criteria overlap with the OGTT-based criteria of normal glucose tolerance (NGT), i-IFG, i-IGT and IFG+IGT.
Methods
We used baseline data from the Danish population-based Inter99 study [11] , a 5 year non-pharmacological intervention study aimed at reducing the incidence of ischaemic heart disease and type 2 diabetes in 30-to 60-year-old Danes.
Study participants
A total of 12,934 men and women from the general population were invited to a screening programme at the Research Centre for Prevention and Health in Glostrup in 1999-2001. The initial participation rate was 52.5% (n= 6,784). All participants gave written informed consent before taking part in the Inter99 study. The protocol was in accordance with the Helsinki declaration, approved by the local ethical committee (KA98155), and registered in ClinicalTrials.gov (NCT00289237). The Inter99 study is described in detail elsewhere [11] (www.Inter99.dk).
Study procedure
All individuals had a standard 75 g OGTT after an overnight fast. Plasma glucose concentrations were measured in venous blood samples taken prior to glucose ingestion and after 120 min. Glucose was analysed using the hexokinase/G6P-DH technique (Boehringer, Mannheim, Germany; intra-assay CV 1.1%, inter-assay CV 2.3%). Insulin was analysed using the fluoro-immunoassay technique (AutoDEFIA; Perkin Elmer-Wallac, Turku, Finland) and HbA 1c was analysed by HPLC Bio-Rad VARIANT (BioRad, CA, USA).
Based on the OGTT, the study participants were classified as having NGT, i-IFG, i-IGT, IFG+IGT or diabetes [12] . Individuals with known or screen-detected diabetes (n= 404) or with missing fasting and/or 2hPG levels (n=374) were excluded from the present study, leaving 6,006 men and women for data analysis. Based on HbA 1c levels (n= 5,999), the study participants were classified as being at low risk (HbA 1c <6.0%), high risk (HbA 1c ≥6.0% but <6.5%) or in the diabetic range (HbA 1c ≥6.5%).
Anthropometry, insulin sensitivity and beta cell function Height and weight were measured with the participants wearing indoor clothes and no shoes. Waist circumference was measured half way between the lowest point of the costal margin and highest point of the iliac crest, and hip circumference was measured at the level of the greater femoral trochanter; both were measured to the nearest 0.5 cm.
We calculated the homeostasis model assessment of insulin resistance (HOMA-IR) and beta cell function (HOMA-beta) using the method of Matthews et al. [13] . An estimate of insulin sensitivity (HOMA-IS) was calculated as 1/HOMA-IR. Since HOMA-IS is based on glucose and insulin levels in the fasting state, it is assumed to reflect hepatic insulin sensitivity more than peripheral insulin sensitivity [14, 15] . The reason for only using HOMA-IS and HOMA-beta in this study was that these estimates are based on FPG and fasting insulin values. Using data from the OGTT in the calculation of insulin sensitivity and beta cell function would not be appropriate, as it would lead to a circular argument. Our hypothesis was that the OGTTderived data (including glucose and insulin levels) are confounded by the body size of the individual being tested. As this effect would also apply to the indices of insulin sensitivity and beta cell function calculated from the OGTT, we would be introducing some of the sex (and associated body size) differences we wanted to explain.
Statistical analysis
Differences in clinical characteristics between men and women were analysed by one-way ANOVA.
Relationships between anthropometry and FPG, 2hPG and HbA 1c and relationships of 2hPG and HbA 1c with FPG levels were tested in age-adjusted linear regression models stratified by sex. Anthropometric variables were standardised before analysis.
The impact of sex on glucose levels was assessed in ageadjusted linear regression models with FPG, 2hPG or HbA 1c as outcome and sex as explanatory variable. To examine whether anthropometry could explain sex differences in glucose levels, the models were adjusted for height, BMI, waist circumference or hip circumference. Thereafter, we adjusted the models for height together with BMI, height together with waist circumference, or height together with hip circumference. In the models with 2hPG as outcome we also adjusted for FPG levels, because these could potentially affect the relationship between 2hPG and sex.
The proportion of individuals categorised in the same category by the OGTT-based vs the HbA 1c -based definitions was analysed by logistic regression.
Non-normally distributed variables (serum insulin levels, HOMA-IS and HOMA-beta) were log e -transformed before analysis. SAS version 9.1 (SAS Institute, Cary, NC, USA) was used for statistical analysis.
Results

Characteristics of study participants
Baseline characteristics of men and women stratified by glucose tolerance status are shown in Table 1 . Women with i-IFG had higher 2hPG levels than men with i-IFG, and women with i-IGT had lower FPG levels than men with i-IGT. HbA 1c levels were lower in women than in men with normal FPG levels (i-IGT and NGT), but similar in men and women with elevated 2hPG levels (i-IFG and IFG+ IGT). Both HOMA-IS and HOMA-beta were slightly but significantly lower in men than in women with NGT, and HOMA-IS was significantly lower in men with i-IGT than in women with i-IGT. The mean (±SD) level of commuting and leisure-time physical activity did not differ between men (291±162 min/week) and women (298±163 min/week) (p for difference=0.135).
Anthropometry and glucose levels
Standardised β-coefficients (changes in glucose or HbA 1c levels) from associations between anthropometric measures and 2hPG, FPG and HbA 1c are shown in Table 2 .
2hPG We found positive associations between BMI, waist and hip circumference, and 2hPG levels among men and women. In contrast, height was inversely associated with 2hPG levels.
FPG Among both men and women, we found positive associations between BMI, waist or hip circumference and FPG levels, but the effects were less pronounced than for 2hPG levels. Height was not associated with FPG levels in men, and height had only a minor but statistically significant effect on FPG levels in women.
HbA 1c In men, height was inversely associated with HbA 1c levels, but BMI, waist circumference and hip circumference were not significantly associated with HbA 1c . In women, height was not associated with HbA 1c . However, BMI, waist circumference and hip circumference were positively associated with HbA 1c levels, although the effects were of limited magnitude (Table 2) .
Sex and glucose levels
The results from linear regression models with 2hPG, FPG or HbA 1c as outcome and sex as explanatory variable are presented in Table 3 .
2hPG Women had higher 2hPG levels than men when adjusted only for age. When further adjusted for FPG, this sex difference became larger. However, when adjusted only for age and height, men had higher 2hPG levels than women. When we additionally adjusted for FPG levels there were no differences in 2hPG between men and women. 2hPG levels were still significantly higher among women than among men when height was replaced with BMI or waist or hip circumference in the models (data not shown). However, when height was included together with hip circumference, 2hPG levels were highest in men compared with women (Table 3) .
FPG and HbA 1c Men had higher FPG and HbA 1c levels than women in the age-adjusted analyses. Adjustment for height or other anthropometric measures did not change the results (Table 3) .
Relationships between 2hPG, HbA 1c and FPG levels Figure 1 shows the relationships of HbA 1c and 2hPG with FPG levels by sex. For FPG levels <6.5 mmol/l, mean 2hPG levels were higher in women than in men. Despite that, mean HbA 1c levels were lower in women than in men for FPG levels <5.5 mmol/l. For FPG levels in the range 5.5-7.0 mmol/l, mean HbA 1c levels did not differ between men and women (Fig. 1) .
HbA 1c -vs OGTT-based criteria
The proportions of men and women with NGT, i-IFG, i-IGT and IFG+IGT who had HbA 1c levels in the normal (<6.0%), high-risk (≥6.0% but <6.5%) and diabetic range (≥6.5%) are shown in Fig. 2 Fig. 2 Proportions of men and women with HbA 1c levels <6.0% (white), ≥6.0% but <6.5% (grey) and ≥6.5% (black) stratified by glucose tolerance status. *p<0.05 for difference in proportion between men and women within the same glucose tolerance group number for men with i-IGT was 54% (p for difference= 0.003). In addition, fewer women than men with i-IGT had HbA 1c levels in the high-risk range (27% in women vs 38% in men, p=0.010). More than 40% of those with IFG+IGT had HbA 1c levels <6.0%. Of all individuals with HbA 1c in the high-risk range (6.0-6.5%), 5% had IFG+IGT, 10% had i-IGT and 12% had i-IFG, leaving 73% with NGT in the high-risk group.
Discussion
In this large population-based study we showed that the higher FPG and HbA 1c levels observed in men compared with women are not related to differences in anthropometry but rather reflect differences in insulin sensitivity and beta cell function between men and women. In contrast, the higher 2hPG levels observed in women compared with men may be an artefact caused by the fact that individuals of different body size and body composition receive the same amount of glucose during OGTTs. These findings underscore the relevance, but also the difficulties, of combining human physiology with clinically applicable methods.
Regarding 2hPG levels, we showed that women do not have higher 2hPG levels than men when differences in height are taken into account. In fact, our study showed that men had higher 2hPG levels than women for a given height. Therefore, sex differences in 2hPG and in the prevalence of i-IGT, as documented in previous studies [1] [2] [3] , are probably not related to sex-specific differences in the physiology of glucose regulation. This finding was further supported by the fact that more women than men with i-IGT had HbA 1c levels <6.0% and that 2hPG levels were higher in women than in men, despite lower or similar HbA 1c levels (Fig. 1) . A previous study showed that the increments of glucose, insulin and the incretin hormones glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide after an OGTT were significantly higher in women than in men [16] , which may support the notion that 75 g glucose represents a larger stimulus in women than in men when seen in relation to their body size.
Our results support the findings from the AusDiab study [1] , indicating that sex differences in 2hPG levels are explained by differences in height between men and women. The authors of the AusDiab study suggest that the inverse association between height and 2hPG levels reflects the larger amount of metabolically active tissue that tall individuals have available for metabolising the fixed amount of glucose compared with short individuals. This hypothesis was recently supported by the KORA Survey 2000, showing that sex differences in 2hPG levels could be explained by differences in the absolute amount of fat-free mass between men and women [5] . Unfortunately, we did not have measures of fat-free mass in our study participants, but we expanded our analysis to include other measures of anthropometry-BMI, waist and hip circumference. We found that high waist circumference, hip circumference and BMI were associated with elevated 2hPG levels in both men and women. These relationships are likely to be due to obesity-related disturbances of glucose metabolism. Especially the visceral component of abdominal fat is strongly associated with insulin resistance [17] , and thereby with a reduced ability to metabolise the glucose load of an OGTT. Interestingly, BMI in itself did not explain sex differences in 2hPG levels. Whether this indicates that BMI is not as good a proxy measure of fat-free mass as height, or whether other mechanisms than fat-free mass explain the effect of height on 2hPG levels, can only be speculated.
Several studies have shown that shorter stature is associated with higher 2hPG levels, [1, [18] [19] [20] , and genetic or pre-and postnatal environmental factors have been suggested as explanatory mechanisms [21, 22] . If the association between height and 2hPG levels is causally related to inherent metabolic abnormalities, we would expect HbA 1c levels to also be affected by height. However, we showed that the effect of height on HbA 1c was only of modest magnitude and therefore not potentially clinically relevant. Therefore, the effect of height on 2hPG levels may not be related to true disturbances of glucose metabolism, but rather related to the fact that short individuals receive relatively more glucose than tall individuals during a standard OGTT.
Sex differences in FPG levels were not explained by differences in anthropometry between men and women. Therefore, physiological mechanisms are likely to be responsible for the higher FPG levels observed in men compared with women. Previously, we have shown in the Inter99 population that a 5 year increase in FPG levels was best predicted by large waist circumference in men and by BMI in women [20] , suggesting that some sex differences in body composition may contribute to the higher prevalence of i-IFG in men. The prediabetic condition i-IFG is characterised by hepatic insulin resistance, elevated hepatic glucose production and beta cell dysfunction [23] . We showed that HOMA-IS, predominantly reflecting hepatic insulin sensitivity, in general was lower in men than in women. Interestingly, HOMA-beta was also slightly lower in men with NGT than in women with NGT, indicating that the sex differences in FPG levels are caused by underlying physiological differences in both insulin sensitivity and beta cell function. However, more precise measures of insulin sensitivity and beta cell function are needed to improve our understanding of sex differences in fasting glucose regulation.
In clinical practice, there is a need for simplicity and convenience in diagnostic testing. These considerations may well have contributed to the choice of the 75 g OGTT as the official standard for the diagnosis of diabetes [24] . However, from a physiological perspective, a challenge test adjusted to the physiognomy of the tested individual would be a more informative test. This would argue for a challenge test adjusted by weight, height or other anthropometric measures. However, such a test would encounter practical difficulties as individuals with different degrees of glucose tolerance respond differently to different amounts of glucose. For instance, the glucose responses to 50 vs 100 g oral glucose are almost identical in individuals with NGT, while the glucose responses are very different in individuals with impaired beta cell function [25] .
Similar to our findings regarding FPG levels, sex differences in HbA 1c levels could not be explained by differences in body composition (Table 3 ). This indicates that the HbA 1c assay may offer a sex-neutral tool for diagnosing type 2 diabetes and intermediate hyperglycaemia. The newly suggested HbA 1c criteria for the diagnosis of diabetes will arguably be more simple and convenient than the OGTT, and will also provide a physiologically relevant measure of in vivo glucose metabolism. However, by applying the suggested HbA 1c criteria of 6.0-6.5% to identify high-risk individuals [10] , the overlap with the previous glucose-based definitions (i-IFG, i-IGT and IFG +IGT) is very small with almost three out of four individuals with HbA 1c levels in the range 6.0-6.5% having NGT. Of course, these numbers will vary across populations, but our findings strongly indicate that the OGTT and the HbA 1c criteria will define different populations at risk. Since most primary prevention studies have focused on those with i-IGT and IFG+IGT [26] [27] [28] , it is therefore questionable whether the results from such studies can be applied directly to high-risk individuals diagnosed by HbA 1c levels. Such a translation is likely to require a stratified reanalysis of the evidence from prospective prevention trials by the newly suggested HbA 1c levels. Alternatively, new follow-up studies of diabetes prevention among individuals in the HbA 1c -based high-risk range should be performed.
